Diagnosis platforms incorporating low-cost microflu
In multiple myeloma (MM), a cancer characterized by extensive, complex chromosomal abnormalities, recurrent translocations involving the immunoglobulin heavy chain gene on chromosome 14 are among the most frequent translocations, being found in about 60% of myeloma patients 1 and many myeloma cell lines. 2 The t(4;14)(p16;q32) reciprocal translocation, which results in aberrant regulation of genes on both chromosomes 4 and 14, has been particularly well studied. 3, 4 As a result of the t(4;14) translocation, the fibroblast growth factor receptor 3 (FGFR3) gene in chromosome 14 is overexpressed, whereas on chromosome 4, the MMSET gene is overexpressed. 4 Multiple breakpoints on chromosome 4 have been identified within the MMSET gene, 3 with REII-BP as a likely target gene. 1 In addition, each MM patient is characterized by unique molecular signature, the IgH VDJ gene rearrangement, which provides a unique marker to identify all malignant cells in each patient.
Patients having the t(4;14) translocation have reduced survival.
1,5-7 t(4,14) myeloma, characterized by drug resistance and rapid relapse, 8 has been shown to predict for poor response to conventional chemotherapy and to high-dose chemotherapy followed by stem cell rescue. 7 The clinical significance of the t(4;14) translocation suggests that monitoring of all MM patients would enable more informed treatment decisions. Because of the cost and technical complexity of molecular diagnostics, they are not routinely used in most hospitals.
Although fluorescence in situ hybridization readily detects the t(4;14) translocation, 9 fluorescence in situ hybridization in its current form is time-consuming, uses expensive probes, is labor-intensive, and requires highly skilled personnel to operate and interpret the results. The t(4;14) translocation can be identified using reverse tran-scriptase-polymerase chain reaction (RT-PCR) to detect hybrid IgH-MMSET transcripts from the derivative 4 chromosome. 1, 3, 6, 10, 11 The integrated RT-PCR and capillary electrophoresis (CE)-based microchip detection method reported here is well suited for automated patient monitoring and could lead to routine usage at, possibly, every clinic visit. We believe this is the first demonstration of an inexpensive microfluidic system for biomarker screening of cancer patients.
Microfluidic chips consist of networks of reservoirs (microliter and submicroliter volumes) and channels (micrometer scale) within which biomolecules can be manipulated in an automated manner using small volume samples and reduced reagent consumption, leading to lower costs and faster testing, for point-of-care patient monitoring. Currently, few microfluidic systems have extensive integration of functionality or validation using clinical samples. Recently, microchip-based clinically relevant assays [12] [13] [14] [15] [16] [17] [18] on microfluidic platforms have been demonstrated. Although many bioanalytical processes have been ported onto the microchip platform, 12,19 -28 widespread clinical implementation will require effective and appropriate integration of sample processing, genetic amplification, detection, and fluid-handling systems. Ramsey and colleagues, 29, 30 Mathies and colleagues, 31, 32 Landers and colleagues, 12, 33 and other groups 23, 34 have demonstrated impressive integrations of PCR-CE systems. However, there are few reports on the integration of reverse transcription onto a microchip PCR platform 16, 28, 35 and none that include chip-based CE detection. This perhaps reflects the use of a two-step RT-PCR approach that requires considerable manipulation of reagents and reaction products and increases the possibility of contamination, thereby increasing the complexity of the system and the challenges to integration of CE for product detection. Here, we have used a singlestep RT-PCR approach, facilitating the integration of RT-PCR and CE on the same chip. Furthermore, testing strategies published to date do not address the need to monitor cancer at the single-cell level, 36 ,37 a critical issue in clinical management of cancer heterogeneity.
In this work, microfluidic testing shows strong potential for facilitating the design of customized therapies tailored to each cancer, as well as for monitoring the response to therapy and the detection of residual cancer cells that ultimately may lead to relapse. With progress in miniaturization, these devices could become inexpensive tools for routine testing of molecular biomarkers at every clinic visit. With further development, such testing could be completed in minutes. In contrast, fluorescence in situ hybridization, the only other molecular approach in clinical practice, requires days. Our microfluidic platforms have been used for PCR thermal cycling and product analysis on-chip, 38, 39 detection of gene polymorphisms, 40 -43 and detection of viral titers in unprocessed urine from renal transplant recipients 18 (with integrated sample preparation). Overall, on-chip PCR uses small reaction volumes, 38 with analysis of picoliters of PCR product during each microchip CE run at a sensitivity comparable with that of conventional technology requiring 10 to 200 times more sample. 39 Here, we report on the sensitive detection of IgH MMSET hybrid transcripts and transcripts encoding clonotypic IgH VDJ gene rearrangements in bone marrow (BM) and blood cells from patients with t(4;14) MM, in aggregate populations and in individual cells. We have successfully screened patient samples for these clinically important cancer biomarkers on an RT-PCR-CE microfluidic chip, with validation against a conventional "gold standard."
Materials and Methods

Patients
After Institutional Review Board approval and informed consent, blood and BM samples were obtained at diagnosis or relapse from 12 patients with multiple myeloma, including four with the MB4-1, four with the MB4-2, and four with the MB4-3 breakpoints. Blood and BM were processed as previously described. 36 All patients were confirmed as having the t(4;14) translocation as previously described.
1,5
Microfluidic Chips and Platform
The chips used here are patterned poly(dimethyl)siloxane (PDMS) irreversibly bonded to a glass substrate as previously described. 18 For the initial phase of this study, a two-chip system was used incorporating a three-reservoir chip to perform RT-PCR and analysis using the glass CE chip. The CE chip is a two-layer glass chip from Micralyne (Edmonton, AB, Canada) as described previously. 39 The two-chip approach increased the speed of protocol development and throughput in analysis. Where indicated, an integrated PDMS/glass chip incorporating the architecture of both of these chips (a PCR-CE chip) was used. Glass CE chips were fully reusable, 44 and consistency was monitored using a standard calibration procedure. 45 Thermal cycling was performed using a custom-designed dual-Peltier system (G. Kaigala, J. Jiang, C.J. Backhouse, and H.J. Marquez, manuscript under revision) and other physical subsystems. This chip thermal cycler is controlled using a custom-built software controller that is resident on a microcontroller of the system. Precision in control of temperature in the range of Ϯ0.1°C at set points is achieved, and temperature ramp rates of ϳ6°C/second are achieved. On-chip diaphragm micro-pumping and micro-pinch-off valving using robotic arms that takes advantage of the deforming capability of PDMS are used here as previously described, 38 thus ensuring a system that is reusable with no cross-contamination between runs. Dead volume using this micropumping approach is less than 10% of the reaction chamber volume. For the integrated PCR-CE chips, using the diaphragm pumps, fluid from the reaction chamber (after thermal cycling is completed) is dispensed into the output chamber, which is also the input well to the CE section of this integrated chip.
Microchip PCR
All reaction mixes were prepared in a total volume of 25 l for running multiple replicates of chip-based PCR and a control using the conventional thermal cycler. This 25-l mix contained 2.5 l of 10ϫ PCR buffer [20 mmol/L Tris-HCl, pH 8.4, and 50 mmol/L (final concentration) KCl], 1 l of MgCl 2 (2 mmol/L), 1 l of dNTP (0.2 mmol/L), 1.5 l of each of the forward and reverse primers (0.2 mol/L), 0.5 l of Platinum Taq (0.5 U) (Invitrogen Life Technology, Burlington, ON, Canada), 2 l of cDNA template, 2.5 l of bovine serum albumin (1 mg/ml) (NEB, Pickering, ON, Canada) (10 mg/ml), and 13.5 l of double distilled water. Two microliters of this mixture was introduced to each on-chip PCR chamber. This volume was chosen to ensure that sufficient template was available for the amplification reaction; smaller volumes lead to limiting dilution of templates. Peltier-based thermocycling was at 94°C for 5 minutes; 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30 seconds; and a final extension of 72°C for 10 minutes.
Forward and reverse primer sequences to amplify hybrid transcripts with the MB4-2 (438 bp) and MB4-3 (275 bp) breakpoints 5, 11 were as follows: Iu1, 5Ј-AGCCCTT-GTTAATGGACTTG-3Ј; and ms6r, 5Ј-CCTCAATTTCCCT-GAAATTGGTT-3Ј. To detect a 343-bp product for MB4-1, the Iu1 primer was paired with the ME3 primer in MMSET exon 3: 5Ј-AGCTTGTCGGCTGGAATAAA-3Ј. The Iu1 primer was tagged with VIC (ABI, Foster City, CA). Products from representative on-chip reactions were sequenced to confirm the identity of the PCR products detected by on microchip-based CE.
Single-Cell PCR On-Chip
Individual BM plasma cells from t(4;14) myeloma were sorted into PCR tubes containing 8 l of direct lysis buffer as previously described, 36 followed by reverse transcription, precipitation of the cDNA, redissolving the DNA pellet in 3 l of PCR mixture, and transferring 2 l to the sample reservoir of the PCR chip for 35 thermal cycles. The product was then mixed with a size standard (GS500) off-chip and transferred to a glass chip for CE in a denaturing separation matrix.
Reverse Transcription On-Chip
The RT protocol for two-step RT-PCR involved mixing 1 g of RNA to 1 l of dT15 primer (10 mol/L) and adding water to reach a 12-l volume. This mixture was held at 70°C for 10 minutes for primer annealing and then held at 4°C. To this mixture, 4 l of 5ϫ buffer, 2 l of dithiothreitol (0.1 mol/L), 1 l of SuperScript II enzyme (Invitrogen Life Technology), and 1 l of dNTP (10 mmol/L) were added to make up a total volume of 20 l. Two microliters of this mixture was introduced to each on-chip RT well. The thermal cycling conditions were 42°C for 60 minutes and 94°C for 3 minutes.
Single-step RT-PCR reactions were prepared in a total volume of 50 l. The mixture included 25 l of 2ϫ reaction mixture (a buffer containing 0.4 mmol/L of each dNTP and 2.4 mmol/L MgSO 4 ) and 1 l of the enzyme mixture comprising SuperScript III RT and high-fidelity Platinum Taq polymerase (Invitrogen Life Technology). One microliter of each forward and reverse primer (10 mol/L), 1 g of RNA template, and double-distilled water were added to a final volume of 50 l. Two microliters of this mixture was introduced into each RT-PCR well. Thermal cycling conditions were 45°C for 30 minutes; 94°C for 2 minutes; 38 cycles of 94°C for 15 seconds, 60°C for 30 seconds, and 68°C for 30 seconds; and a final extension time of 7 minutes at 68°C.
Electrophoretic Detection of Fluorescently Tagged PCR Products On-Chip
PCR products were identified and sized using microchip capillary electrophoresis 39 as described previously. 18 Onchip PCR products were also analyzed using DNA fragment analysis in a 16-capillary ABI3100 DNA analysis system (Applied Biosystems, Foster City, CA) as the conventional standard 46 ,47 using different dilutions of fluorescent product (none, 1/4, 1/10, and 1/100) as indicated in Results.
The microchip CE channels were filled with POP6 polymer, a denaturing sieving matrix. Polymer was heated for 10 minutes at 67°C before being loaded into the microchip to reduce viscosity to facilitate loading on the chip. 48 In the sample loading well of the CE chip (volume of 3 l) or the CE section of the PCR-CE chip, the on-chip PCR product was denatured for 4 minutes at 96°C, rapidly cooled to ϳ4°C, and mixed with 1.2 l of HiDi formamide (ABI), 1 l of size standard (GS500), and 0.8 l of 1ϫ genetic analysis buffer with ethylenediamine tetraacetic acid to a total volume of 3 l. A mix of 1 l of POP6 and 2 l of 1ϫ genetic analysis buffer with ethylenediamine tetraacetic acid was loaded in the separation wells. The injection voltage of 400 V was applied, and separation voltage was 6 kV.
Results
On-Chip PCR Consistently Detects IgH-MMSET Hybrid Transcripts
For the first stage of this work, PCR was performed using cDNA from BM of myeloma patients having the t(4;14) translocation. The use of cellular cDNA, compared with our previous work using high-copy viral DNA, 18 required modification of PCR conditions. With only moderate copy numbers, reaction efficiency is reduced because of potential surface adsorption of template and PCR reagents. 49 Bovine serum albumin was added at an optimal concentration (1 mg/ml) to reduce the surface-related effects and was coupled with an increased concentration of Taq polymerase and dNTPs. With these modifications, the on-chip PCR reaction was consistently positive, and negative controls were consistently negative.
BM from 10 patients with t(4;14) MM, including the three different translocation breakpoints (MB4-1, MB4-2, and MB4-3), were tested on-chip (Figure 1 , a-j) in three or more independent PCR reactions. Detectable product was am-plified from cDNA of ex vivo MM BM cells for all of the patients. For all 10 patients, the on-chip PCR on PDMS/ glass chips was reproducible from run to run in a total of more than 40 runs. PCR product was sized after mixing with fluorescent size standard (GS500), with separation using glass CE chips within the microfluidic tool kit (TK) and by DNA fragment analysis on the ABI3100 (the standard), with parallel aliquots of the same PCR product from individual on-chip wells. The presence of product was further confirmed by acrylamide gel electrophoresis using pooled PCR product from two to four chips (data not shown). Sequencing of the on-chip PCR product confirmed that the correct product had been amplified.
On-Chip CE to Detect PCR Product from Individual t(4;14)-Positive Myeloma Cells
A series of individual t(4;14)-positive myeloma plasma cells (PCs) were sorted into PCR tubes containing direct lysis buffer and subjected to RT-PCR using a conventional thermocycler. Approximately 50 pl of the amplified PCR product localized in the intersection of a glass CE chip was then analyzed and compared with detection of the same product using the ABI3100. For one set of RT-PCR reactions, the PCR product was first concentrated by precipitation, followed by CE using a glass microfluidic CE chip (Figure 2a) . For another series of individual cells, 50 pl of the conventionally amplified, unconcentrated RT-PCR product was directly analyzed using on-chip CE (without the precipitation step) (Figure 2b ). Representative separations of products amplified from individual cells are shown. Both strategies show a microchip detection sensitivity comparable with that observed for clonotypic IgH VDJ transcripts from individual MM PCs 39 and comparable with that seen for conventional DNA fragment analysis as measured using the ABI3100 (Figure 2, c and d) .
On-Chip PCR of cDNA from Individual t(4;14)-Positive MM PCs
Any given cancer, including MM, is highly heterogeneous. However, single-cell analysis using a conven- Figure 1 . On-chip amplification of t(4;14) IgH-MMSET hybrid transcripts from patients with different translocation breakpoints. Both PCR product and the size standards (GS500) were fluorescently labeled (VIC). PCR using cDNA was performed in a three-well PCR chip. CE was performed after manually transferring the PCR product to a glass CE chip. Electropherograms were generated in a TK. The PCR product is indicated by an asterisk. a-c: On-chip PCR of MB4-1 breakpoints (343 bp): cDNA from different patients having MB4-1 breakpoints were amplified on-chip, and a 1:4 dilution of the product was analyzed by microchip CE. d-f: On-chip PCR of MB4-2 breakpoints (438 bp): cDNA from three patients having MB4-2 breakpoints were amplified on-chip, and a 1:4 dilution of the product was analyzed on a TK. g-j: On-chip PCR of MB4-3 breakpoints (275 bp): cDNA from four patients having MB4-2 breakpoints were amplified on-chip, and a 1:4 dilution of the product was analyzed on a TK. The on-chip PCR products from reactions included in a though c were also detected at the appropriate size on the ABI3100 capillary analysis system (not shown).
tional approach 36, 46 is too difficult for routine clinical use. Amplification of hybrid transcripts from the cDNA of single PCs was performed on-chip, using individual plasma cells that had been sorted into PCR tubes and subjected to off-chip reverse transcription with precipitation of the cDNA to a 1-l volume. Figure 2 , e and f, shows the PCR product amplified on-chip with 35 cycles of PCR. To perform sample (DNA) pre-concentration and signal strength enhancement during CE, two injection protocols were followed for the product detection, in which either a single injection plug consisting of ϳ50 pl (Figure 2e ) or a second analysis of a longer injection plug (5 additional seconds, translating to ϳ250-pl injection plug) ( Figure  2f ), were analyzed by CE, as previously described. 39 In both cases, a PCR product of the correct size was amplified on-chip from the cDNA of one cell.
On-Chip RT-PCR Detects Hybrid Transcripts in MM PCs
To realize a complete analysis system, during the development toward integrated RT-PCR-CE, we first integrated PCR with CE on a single microchip. Using cDNA prepared by conventional means followed by on-chip PCR and detection, tests were performed in duplicate for two different patients with different breakpoints (data not shown). PCR was in a 2-l reaction volume, appropriately miniaturized to ensure that transcript copy numbers in ex vivo cells would be detectable. This volume could be reduced considerably by including a nucleic acid purification step (in preparation). PCR product was efficiently amplified and detected using conditions that had been earlier established for the two-chip system described in Figure 1 , indicating that the integrated chip is able to match the conventional standard of PCR amplification in a ABI9700 thermocycler with detection on the ABI3100 capillary system. The detection of product by CE on the integrated PDMS/glass chip was comparable with that on a separate glass-based CE chip.
To achieve higher levels of integration and to minimize potential for contamination and reduce the total analysis time, RT was subsequently integrated on the PCR-CE platform. On-chip RT-PCR was performed initially as a two-step process with reverse transcription of total RNA to cDNA in the first well and PCR in the second well. Once optimized, the RT-PCR protocol was adapted to seamlessly integrate the functionality of RT and PCR as a single-step reaction, without the need to change reagents. Two-microliter reactions were used for detection of these moderate copy number transcripts. This onestep RT-PCR protocol was then transferred onto the PCR-CE integrated microchip (Figure 3c ) to detect t(4;14) hybrid transcripts. On-chip RT-PCR was performed on total RNA from BM of a patient having the MB4-3 breakpoint, yielding a product of 275 bp ( Figure  3b ). The predicted product sizing was verified on the ABI3100 system (Figure 3a) .
Sensitivity of the Chip-Based Assay for Detection of Hybrid Transcripts
For clinical usage, it is essential to determine the sensitivity of the on-chip t(4;14) detection assay relative to the conventional thermocycler-based PCR and product detection techniques. Sorted t(4;14)-positive KMS-18 cells were spiked into normal patient blood samples at known concentrations as indicated in Table  1 . Using the cDNA from this mixture, on-chip PCR and CE were performed (in duplicate, unless otherwise indicated) with analysis on the TK. The chip PCR results were compared with PCR product amplified by conventional thermal cycling and detected using a 2% agarose gel or the ABI3100. Two independently prepared KMS-18 dilution series were tested with all three detection methods. The ABI3100 consistently detected PCR product in with as few as 0.001% spiked KMS-18 cells (1/100,000). Gel electrophoresis consistently de- On-chip CE and on-chip PCR/CE of cDNA detects hybrid transcripts from individual t(4;14) plasma cells. The PCR product is indicated by an asterisk. a and b: PCR product from cDNA of an individual plasma cell after amplification using a conventional in-tube system and analysis using a glass CE chip. The electropherogram in a is from an MB4-3 patient (275 bp) with PCR products that have been precipitated and concentrated before analysis. The electropherogram in b is from an MB4-1 patient (343 bp) with direct analysis of unconcentrated PCR product. c represents an aliquot of concentrated PCR product from PCR reaction a and d represents an aliquot of unconcentrated PCR product from PCR reaction b, both run on the ABI3100. e and f: On-chip PCR of cDNA from a single plasma cell, with manual transfer of PCR product to a glass CE chip after mixing with size standard and electropherograms generated on a TK. This representative plasma cell had an MB4-1 breakpoint. e: Analysis of a 50-pl injection plug. f: Analysis of a 250-pl injection plug. The plug volume is defined by the injection time, before the separation.
tected as few as 0.01% KMS-18 (1/10,000). For the chip-based assay, PCR product was consistently detected with as few as 0.1% KMS-18 cells (1/1000). For dilutions between 1/2000 and 1/10,000, the chip-based assay scored positive for one dilution series but not for the other. For dilutions of less than in 1/10,000, the chip-based assay was unable to detect hybrid transcripts from the spiked t(4;14)-positive cells. This is likely to reflect adsorption of reaction components (PCR template, reagents, and/or PCR product) on the chip surfaces, suggesting that appropriate surface coatings are needed to minimize potential surface interactions.
Sequential Monitoring of t(4;14) over the Course of Treatment
Two patients (1 and 2) were monitored over a 13-month period that included samples taken at diagnosis and throughout treatment. BM samples were taken at diagnosis and relapse; blood samples were collected on monthly clinic visits. The malignant MM clone in blood and BM was monitored using the chip-based system ( Figure 4 ) and additionally using the gel electrophoresis and ABI3100 detection methods ( Table 2) . As a second biomarker to identify malignant cells, the clonotypic IgH VDJ rearrangement, a unique molecular signature for the MM clone in each individual patient, 36 was detected with primers specific to the complementarity determining regions (CDR2 and CDR3) of the clonotypic IgH VDJ for each individual patient (representative electropherogram shown in Figure 4 , p and q, for patients 1 and 2, as previously described). 40 All samples were tested for both clonotypic and t(4;14) hybrid transcripts ( Table 2) . Negative control reactions were consistently negative for both conventional and chip reactions. The same pattern of detection was seen conventionally and on-chip with the sole exception of sample 3BL for patient 2, where hybrid transcript was consistently detected on-chip but not using conventional systems. Although the results for Table 1 show a lesser sensitivity for the chip-based test in detecting hybrid transcripts in a dilution series made using a cell line, the experiment of Table 2 uses ex vivo patient cells, which may have higher transcript copy numbers, possibly explaining the detection of t(4;14) on-chip but not using conventional methods for 3BL of patient 2. Because the negative controls were negative, thus excluding contaminants, and the product was reproducibly detected in replicate runs, this observation may indicate the potential of the chip to be more sensitive under appropriate conditions. For both systems, the testing revealed an interesting but unexplained change in the nature of the t(4;14) translocation in patient 2, confirming the ability of the chip system to detect unexpected events. For both the ABI3100 and on-chip testing of patient 2 12-BM, a verifiable MB4-1 product was absent, but MB4-2 primers amplified a product with the predicted size for an MB4-2 hybrid transcript ( Table 2 ). The identity of the product as MB4-2 was confirmed by sequencing (not shown). Thus, testing on-chips was able to clearly detect an important biological change in the chromosomal abnormalities of this malignant clone. These experiments confirm that on-chip analysis has specificity and versatility comparable with that of conventional platforms, even though the current chip platform requires further optimization to match or exceed the sensitivity of conventional approaches. Integrated on-chip reverse transcription/PCR/CE detects hybrid transcripts from RNA isolated from t(4;14) plasma cells. RNA was purified from bone marrow cells of a patient with t(4;14) myeloma (MB4-3 breakpoint) for on-chip RT-PCR-CE (b). The results are representative of those from two different patients. RNA was mixed with the required reagents, applied to the injection well of a microfluidic chip, and followed by a reverse transcription step, PCR amplification, and product detection using CE, with all three steps integrated on the same chip (c). After thermal cycling, the PCR product was moved into the sample input well of the CE section of the chip using the external micropumps, and size standard was introduced. Approximately 50 pl of PCR product and size standard were then electrokinetically injected followed by product/size standard electrophoretic separation. Before initiating the CE, an aliquot of the on-chip product was removed from the PCR exit well, and the product size confirmed using the ABI3100 (a). The top panel shows the on-chip RT-PCR-CE, and the bottom panel shows an aliquot of the same on-chip RT-PCR reaction run on the ABI3100.
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Discussion
The microfluidic platforms developed here use novel technology suitable for personalized biomarker screening of MM patients, enabling predictions of risk and stratification for treatment, based on the genetic signature of each cancer. This inexpensive and multifunctional characterization tool that integrates PCR/RT-PCR with detection of product is likely to enable widespread screening of patients, to improve prognostic predictions, and to inform therapeutic decision-making. As a tool for providing a yes/no assessment of the t(4;14) translocation status of a given patient, this miniaturized microfluidic platform already matches conventional gold standard methods in accuracy and specificity. Even with the prototype systems described here, chip-based testing uses reduced reagent levels and, for testing of individual patients (compared with 
KMS-18 cell lines, which express t(4;14) hybrid transcripts, were spiked into normal blood samples at the percentages indicated to prepare two independently constructed dilution series (a and b). On-chip PCR was performed in duplicate, using cDNA in a PCR chip followed by transfer to a glass CE chip for CE. The results were compared with the amplification performed by conventional thermal cycling with analysis using a 2% agarose gel or using capillary separation on the ABI3100.
Y, product detected; N, no product detected; W, weak product; ND, not done. figure (a-o) , showing a pattern of detection that is concordant with conventional testing. The PCR product is indicated by an asterisk. Note the change in breakpoint shown in n. cDNA from each sample was amplified on a PCR chip, followed by CE using glass CE chips in a TK. Representative analyses of the patient-specific IgH signature, amplified by primers specific for the CDR2 and CDR3 of the myeloma clone in each patient, are shown in p and q. This analysis was done for every sample as detailed in Table 2 .
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For diagnostic and monitoring purposes, the ability to test patients one at a time is clinically important. Currently, conventional testing using inexpensive acrylamide gel separation consumes about $10 in reagent costs per sample and about $125 in labor, whether one or multiple samples are analyzed. Although it is premature to make precise estimates, chip testing consumes about $10 in reagents plus labor, and product detection takes seconds rather than hours. Ultimately, for low-cost diagnostics and monitoring, it is likely that the chips used would be manufactured by a low-cost injection molding (or similar) method, with even greater cost savings. The work reported here shows that at least five different primer sets [three different primer sets detecting t(4;14) breakpoints and two different primer sets detecting clonotypic VDJ transcripts] are readily interchangeable on the same chip using exactly the same protocols, confirming the versatility of chip and the system. The potential exists for more quantitative assessment of tumor burden using microfluidic chips, as recently demonstrated with comparable chips for detecting shed virus in the urine of organ transplant recipients. 18 Although estimation of cell equivalents is not possible with an RT-PCR assay because of heterogeneity in transcript expression levels, real-time quantitative PCR is currently being implemented onchip, holding promise for more precise evaluation of tumor burden. We are currently developing strategies to perform analysis directly from whole blood, thereby integrating sample processing with automated RT-PCR-CE on a single microchip, to realize the full benefit of miniaturization and automation. Cancer is highly heterogeneous, but single-cell analysis using conventional approaches is problematic for clinical laboratories. Although we have shown here and elsewhere 39 that single-cell analysis is feasible on-chip, this would be time-consuming and laborious for large numbers of cells. We are currently developing capabilities for simultaneous analysis of thousands of individual cells. The ability to quickly and inexpensively monitor the response of patients to therapy as evaluated by monitoring the malignant clone, in real time at every clinic visit, would facilitate an optimally informed choice of the most effective therapy for patients who respond poorly to frequently used conventional treatments and would confer the ability to modify rapidly the treatment strategies when the genetic characteristics of the tumor change (as shown for patient 2). Use of microfluidic technology to monitor tumor burden is likely to change the way clinical trials are performed and the kind of response parameters that can affordably be collected by enabling frequent testing of, for example, both blood and BM in longitudinal monitoring of the malignant clone. Real-time on-chip detection of complex genetic abnormalities will allow sensitive detection of emerging aggressive variants as disease progresses and clinical assessment of individuals at risk of transforming to overt malignancy. For the effective use of microfluidic technology to screen cancer biomarkers, many of the functional components demonstrated here could be useful individually or as integrated systems. Ultimately, using on-chip sample processing and accelerated thermal cycling (in preparation) on highly integrated platforms with readily available and frequent screening for therapeutically important biomarkers will enable custom-tailored therapies to target the genetic vulnerabilities of the cancer cells in each individual patient, using point-of-care monitoring tools. 
Column headings indicate the primer pairs used for each amplification reaction. The primers for CDR2/CDR3 region were specific for the clonotypic IgH VDJ of each patient. Their specificity has been verified elsewhere. BM, bone marrow sample. BL, peripheral blood sample. If product was amplified, the result is recorded in this table as ϩ, and if negative, as Ϫ. Values in parentheses indicate product size and, where applicable, chromosomal breakpoint type.
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